Background The optimal timing of salvage androgen deprivation therapy (ADT) following definitive radiation therapy for prostate cancer (PCa) is unknown. This study evaluated the efficacy of early initiation of salvage-ADT (S-ADT) based on predetermined timing among patients with unfavorable PCa treated with high-dose intensity-modulated radiation therapy (IMRT). Materials and methods High-risk (HR) and very-high-risk (VHR) PCa patients treated with IMRT at our institution between September 2000 and December 2010 were analyzed retrospectively. Treatment consisted of high-dose IMRT (78 Gy/39 fractions) combined with 6 months of neoadjuvant-ADT (NA-ADT). S-ADT was initiated when prostate-specific antigen levels exceeded 4.0 ng/mL. Results In total, 268 (184 HR and 84 VHR) patients were analyzed. The median follow-up period was 114.4 months. The 10-year overall survival (OS), PCa-specific survival (PCSS), biochemical failure (BF), and clinical failure (CF) rates were 82.8%, 97.1%, 27.3%, and 12.8% among the HR PCa patients and 79.4%, 87.9%, 56.2%, and 26.7% among the VHR PCa patients (p = 0.839, = 0.0377, < 0.001, and < 0.001), respectively. The 10-year cumulative incidence rates of urinary and rectal (grades 2-3) toxicities were 22.6% and 5.8%, respectively. No grade 4 or higher toxicities were observed. Conclusion High-dose IMRT combined with short-term NA-ADT resulted in long-term disease-free status, with acceptable morbidity among approximately three-fourths of the HR PCa patients and nearly half of the VHR PCa patients. Moreover, excellent survival outcomes were achieved by the early S-ADT initiation. This approach may be a promising alternative to uniform provision of long-term ADT.
Introduction
External beam radiotherapy (EBRT) is a major treatment modality for nonmetastatic prostate cancer (PCa). Intensitymodulated radiation therapy (IMRT) allows the radiation dose to be increased safely by selectively protecting a significant volume of the rectum from high-dose radiation, facilitating its widespread clinical use.
The standard approach for unfavorable PCa is high-dose EBRT combined with long-term androgen deprivation therapy (ADT) for 2-3 years [1] . However, the optimal duration of ADT combined with high-dose EBRT remains unclear, because this evidence is based on results using 70 Gy or lower via three-dimensional conformal radiotherapy (3D-CRT) [2] [3] [4] [5] [6] . Up to now, no mature result of high-dose IMRT for unfavorable PCa is available from previous reports. In addition, the optimal timing of salvage-ADT (S-ADT) after disease failure has not been well-established, although the potential benefits of earlier S-ADT initiation have been suggested [7, 8] . To our knowledge, no prospective studies of unfavorable PCa have determined the timing of S-ADT initiation in advance. Furthermore, previous studies of S-ADT were mainly combined with long-term adjuvant-ADT (A-ADT), which may have masked the effect of S-ADT. Therefore, the true benefit of early S-ADT induction after disease failure following definitive EBRT remains unclear.
In the present study, we reported the clinical significance of early S-ADT induction based on the predetermined timing for unfavorable PCa treated with 6 months of neoadjuvant-ADT (NA-ADT) and high-dose IMRT. Unlike previous studies, because no A-ADT was administered following IMRT, we were able to observe the direct effect of S-ADT without masking by A-ADT. Specifically, it may serve as a benchmark comparison with the uniform application of long-term A-ADT. To the best of our knowledge, this is the first report investigating the efficacy of early S-ADT initiation based on predetermined timing in combination with high-dose IMRT, with a long follow-up period (9.5-year) and a large cohort of patients (n = 268).
Materials and methods
This study adhered to the tenets of the Declaration of Helsinki, with approval from our institutional ethical review board (approval No: R1048). Written informed consent was obtained from all patients.
Patients
We retrospectively reviewed our prospectively maintained institutional PCa registry and searched for eligible patients. The eligibility criteria were as follows: (1) clinical T1-4N0M0 (according to the classification of the International Union Against Cancer 1997) adenocarcinoma of the prostate with high-risk (HR) or very-highrisk (VHR) features (National Comprehensive Cancer Network risk classification version 2, 2018) [1] , (2) treatment with IMRT to the prostate and seminal vesicles (SVs) alone between September 2000 and December 2010 at our institution, (3) NA-ADT duration < 12 months, (4) prescription dose ≥ 74 Gy, and (5) no addition of adjuvant therapy. Patients with castration-resistant PCa (CRPC) at the initiation of IMRT were excluded. Initial evaluations included needle biopsies (usually ≥ 8 cores), digital rectal examinations, transrectal ultrasonography, computed tomography (CT), magnetic-resonance imaging, and bone scintigraphy (BS). All pathological specimens were re-evaluated at our institution.
Neoadjuvant androgen deprivation therapy
Prior to IMRT, androgen suppression consisted of 6 months of combined androgen blockade (CAB) with a luteinizing hormone-releasing hormone (LH-RH) analogue and antiandrogenic agent. However, there were variations in the durations of the treatments because a number of patients were introduced to our hospital after ADT had been initiated. In addition, patients with liver dysfunction or special requests were administered the LH-RH analogue only.
Intensity-modulated radiation therapy
The details of our IMRT protocol have been reported previously [9] . Briefly, a five-field dynamic multi-leaf collimator technique and 6-15-MV photon beams were used. The prostate and SVs (proximal two-thirds for non-T3b, whole for T3b) were treated. Elective pelvic irradiation was not performed. Set-up error correction was based on the pelvic bone structure. A total of 78 Gy in 39 fractions was prescribed, which was reduced by 4 Gy in patients with a risk factor for rectal bleeding, such as those with advanced age (≥ 80 years), anticoagulant/antiplatelet therapy, and severe diabetes mellitus. For patients with multiple risk factors for rectal bleeding, total dose was reduced by 8-12 Gy (those patients were excluded from this analysis).
Patient follow-up and salvage therapy
No A-ADT was administered to any patient following IMRT. Prostate-specific antigen (PSA) levels were assessed every 1-3 months during the first 2 years, every 3-6 months thereafter. In selected patients with a stable clinical course, this interval was extended annually after 5 years. No additional radiographic study after IMRT was required, unless an increase in the PSA level or symptoms suggesting clinical failure (CF) was observed. Salvage therapy which comprised continuous or intermittent ADT was initiated when PSA levels exceeded 4.0 ng/mL in a monotonically increasing manner to eliminate false failure cases (biochemical failure [BF] without continuous PSA elevation). Before initiating salvage therapy, CT and BS were conducted.
Data collection (clinical outcomes and toxicities) was conducted using a follow-up data sheet at every visit and the prospectively maintained institutional database.
Outcome evaluation and statistical analyses
The time of occurrence of each event was calculated from the date of IMRT initiation. The Kaplan-Meier method was used to estimate the overall survival (OS) and PCaspecific survival (PCSS) rates, and the log-rank test was used to compare the rates between the HR and VHR groups. To account for death without each event being a competing risk, the cumulative incidence method was used to estimate BF and CF rates, and Gray's test was used to determine the differences between the HR and VHR groups. The BF was evaluated based on the Phoenix definition [10] . To identify potential factors affecting BF and CF, we performed univariate analysis (UVA) and multivariable analysis (MVA) using the Fine and Gray's regression model. Acute urinary and rectal toxicities (within the first 90 days after IMRT initiation) and late urinary and rectal toxicities were evaluated based on the National Cancer Institute Common Toxicity Criteria, version 2. The cumulative incidence method was used to estimate the rates of late-radiation toxicities.
A value of p < 0.05 denoted statistical significance. All statistical analyses were performed using R version 3.1.1 (The R Foundation for Statistical Computing, Vienna, Austria).
Results

Patient characteristics
We identified 273 patients who met the eligibility criteria. Among them, pelvic lymph node surgical dissection was performed before IMRT in two patients, and bone or pelvic lymph node metastasis before IMRT was detected retrospectively in three patients. These patients were excluded, and the remaining 268 patients were included in the analyses.
The median patient age was 71 (interquartile range [IQR] 65-75) years at the initiation of IMRT. The median iPSA level was 20.8 (IQR: 13.2-36.5) ng/mL. More than half of the patients (n = 145) had a GS sum ≥ 8, and approximately 70% of the patients had ≥ T3a disease (n = 188); 184 and 84 patients were categorized into the HR and VHR groups, respectively. The patient characteristics are summarized in Table 1 .
Treatments
All patients received NA-ADT for a median duration of 6.3 (IQR 5.0-7.6) months. A total of 252 patients (94.0%) received CAB and the remaining 16 patients (6.0%) were treated with the LH-RH analogue alone. The median dose was 78 (IQR 74-78) Gy delivered in 39 (IQR 37-39) fractions. The full dose was delivered to 208 patients (77.6%) and the reduced dose was delivered to the remaining 60 patients (22.4%). The details of the treatments are summarized in Table 1 .
Oncological and survival outcomes
The median follow-up period was 114.4 (IQR 84.6-137.6) months. During follow-up, there were 46 deaths. In this group, nine patients died from PCa, while four patients were lost to follow-up with either progressive CRPC or the best supportive care. Therefore, all of these 13 patients were recorded as death from PCa. Among those 13 patients, the median times to BF, CF, and death after IMRT were 13. (Fig. 1a) . The 5-and 10-year PCSS rates were 99.4% (95% CI 95.9-99.9) and 97.1% (95% CI 92.4-98.9) in the HR group and 95.1% (95% CI 87.6-98.1) and 87.9% (95% CI 76.9-93.9) in the VHR group, respectively (p = 0.0377) (Fig. 1bss) . During follow-up, 97 patients developed BF, with a median period of 39.8 (IQR 22.3-62.2) months after IMRT. Among the patients who developed disease failure, the initial patterns of disease failure were BF in all cases. The characteristics of patients who developed BF are summarized in Table 2 . The 5-and 10-year BF rates were 20.7% (95% CI 15.1-26.9) and 27.3% (95% CI 20.8-34.2) in the HR group and 40.7% (95% CI 30.1-51.1) and 56.2% (95% CI 44.2-66.6) in the VHR group, respectively (p < 0.001) (Fig. 2a) .
During follow-up, 45 patients developed CF, with a median period of 59.3 (IQR 32.0-96.8) months after IMRT. In this group, CF was detected at or before the initiation of salvage therapy in 29 of the patients (castration-sensitive PCa), while CF was detected in 16 of the patients during salvage therapy (CRPC). The characteristics of patients who developed CF are summarized in Table 2 . The 5-and 10-year CF rates were 5.6% (95% CI 2.9-9.7) and 12.8% (95% CI 8.0-18.8) in the HR group and 15.5% (95% CI 8.7-24.1) and 26.7% (95% CI 17.3-36.9) in the VHR group, respectively (p < 0.001) (Fig. 2b) . Local failure was observed in eight patients during follow-up. Among them, additional local treatment was necessary for four patients during follow-up: transurethral resection of prostate and/or nephrostomy (n = 3) and salvage brachytherapy (BT) (n = 1). Among the 97 patients who developed BF, salvage therapy was initiated in 87 patients (89.7%) due to continuous PSA elevation, with a median PSA of 5.48 (IQR 4.18-6.61) ng/mL at initiation of salvage therapy. Continuous ADT was initially used as salvage therapy in 31 of the patients. In this group, continuous ADT was discontinued or changed to an intermittent method in six of the patients with a median period of 44.7 (IQR 29.0-45.2) months after initiation of salvage ADT, owing to a favorable clinical course during the initial continuous ADT. No patient was treated with androgen receptor-axis-targeted agents or docetaxel in the castration-sensitive setting. Table 3 summarizes the acute and late toxicities. Acute urinary toxicities consisted mostly of urinary frequency, urgency, or retention. Grade 3 dysuria was observed in one patient. No grade 4 acute urinary toxicity was observed. Acute rectal toxicities consisted mostly of pain and bleeding with defecation. No grade 3 or 4 acute rectal toxicities were observed.
Toxicities
The estimated cumulative incidence rates of grade ≥ 2 late urinary and ≥ 2 late rectal toxicities were 13.3% (95% CI 9.5-17.7) and 4.9% (95% CI 2.7-8.0) at 5 years and 22.6% (95% CI 17.5-28.1) and 5.8% (95% CI 3.4-9.1) at 10 years, respectively (Fig. 3) . The majority of late toxicities with urinary or rectal bleeding were transient and improved with time. No grade 4 late toxicity was observed. (Table 4) .
Univariate and multivariable analyses of prognostic factors
Discussion
We retrospectively evaluated the clinical significance of early S-ADT induction based on predetermined timing among patients with unfavorable PCa treated with highdose IMRT. Our institutional treatment protocol specified high-dose IMRT (78 Gy) combined with short-term NA-ADT alone (CAB of 6 months). No A-ADT was performed because we designed the protocol before the combination of long-term ADT for unfavorable PCa was established as the standard of care. Instead, we initiated S-ADT at an early phase. Despite an absence of long-term A-ADT application, excellent survival outcomes were achieved among the patients with a high risk of PCa-specific mortality (PCSM), as well as favorable long-term disease control. These results support the validity of our treatment strategy for patients with unfavorable PCa. Based on the results of randomized controlled trials (RCTs) [2] [3] [4] [5] [6] , addition of long-term ADT to EBRT has been considered a standard treatment approach for unfavorable PCa. However, some issues remain to be resolved. First, these findings were originally based on RCTs that used doses of 70 Gy or lower, which are considered suboptimal in the current IMRT era. Thus, we cannot simply apply these presumptions when combined with high-dose EBRT, because dose escalation significantly improves disease control [11, 12] . Second, the improvement in the PCSM rate achieved with long-term ADT compared with short-term ADT is minimal. In the EORTC 22,961 trial, comparing the benefits of short-term (6 months) and long-term (3 years) ADT combined with 3D-CRT using 70 Gy, the improvement in PCSM was only 1.5% [3] . Similarly, in TROG 03.04 (6 vs. 18 months ± zoledonic acid), long-term ADT failed to improve the OS [4] . When combined with high-dose EBRT, marked survival benefits of long-term ADT were considered less likely because of the expected further improvement in disease control achieved by dose escalation. For these reasons, the optimal duration of ADT in combination with highdose EBRT remains unclear. In the current study, excellent survival outcomes were achieved with 6-month NA-ADT. In addition, approximately three-fourths of the HR PCa patients and half of the VHR PCa patients in our cohort maintained long-term disease-free status after IMRT and consequently were spared from unnecessary long-term ADT. Therefore, long-term ADT may be excessive for a substantial number of unfavorable PCa patients when combined with high-dose EBRT; thus, it is crucial to identify the groups who will truly benefit from the addition of long-term ADT, which can potentially cause considerable side effects [13] .
Our survival outcomes were comparable with those reported previously in studies of unfavorable PCa, although our cohort consisted of a larger number of patients with highly advanced disease compared with those in previous studies [2] [3] [4] [5] [6] 14] . We hypothesize that early S-ADT initiation contributed to our favorable survival outcomes. Several secondary analyses of RCTs and retrospective studies have indicated that early initiation of S-ADT results in superior survival outcomes compared with delayed initiation [7, 8] . Mahal et al. reported that among patients who developed BF following definitive EBRT alone or in combination with short-term ADT, the PCSM rate was significantly lower in patients who initiated S-ADT with a PSA level ≤ 12 ng/mL (early S-ADT) than in those with a PSA level > 12 ng/mL (delayed S-ADT) (adjusted HR 8.84; 95% CI 1.99-39.27; p = 0.004) [7] . Similarly, Shipley et al. reported a significant improvement in the PCSS rate in patients with a PSA level ≤ 20 ng/mL compared with those with a PSA level > 20 ng/mL at the initiation of S-ADT, among patients who developed BF after EBRT alone or in combination with short-term NA-ADT [8] . However, because the timing of previous S-ADT studies was not predetermined and was based on the physician's discretion, it is difficult to evaluate the true benefit of S-ADT due to biases, such as increasing PSA velocity or differences in treatment policies among physicians. In the present study, the trigger PSA level for S-ADT initiation was set much lower than the cutoff PSA level of previous studies (trigger level 4.0 ng/mL). Although we delayed S-ADT initiation after BF to eliminate cases with false failures such as PSA bounce, S-ADT was subsequently initiated in most of the patients who developed BF due to continuous PSA elevation (89.7%). This implies that much earlier S-ADT induction, such as at the time of BF, may be more appropriate. Consistent with this, immediate addition of S-ADT after BF outperformed delayed addition in terms of OS in patients with relapsed PSA or noncurable PCa (unadjusted HR 0.55; 95% CI 0.3-1.00; p = 0.05) in the TROG 03.06 trial [15] . Logically, if we lowered the trigger PSA levels for initiating S-ADT, it would be almost synonymous with selectively adding long-term A-ADT to patients with a higher risk of PCSM. Therefore, early S-ADT combined with short-term NA-ADT may be a promising alternative to uniform application of long-term A-ADT when combined with high-dose IMRT, although the proper timing of S-ADT initiation should be further investigated, especially in the setting of prospective trials. Our study has several limitations. This was a retrospective study at single institution, although it reported the outcomes in a large cohort treated with a predetermined protocol and the data collection was based on prospectively maintained databases. Furthermore, because our patient group was Japanese, our findings may not directly apply to other ethnic groups because of the reported differences in hormone sensitivities [16] . Nevertheless, we believe that our study provides baseline data on unfavorable PCa treated with high-dose IMRT combined with short-term NA-ADT, the present study described long-term outcomes utilizing the large cohort of Japanese patients treated under a predetermined uniform treatment policy.
In conclusion, high-dose IMRT combined with shortterm NA-ADT resulted in long-term disease-free outcomes, with acceptable morbidities, among approximately three-fourths of the HR PCa patients and nearly half of the VHR PCa patients. Moreover, patients with disease failure were rescued by early initiation of S-ADT, with excellent survival outcomes. This approach may therefore be a promising alternative to the uniform provision of longterm A-ADT, although prospective trials are warranted to confirm these findings.
